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ABSTRACT 
Our method for  measuring potential variation around a working 
electrode has been used to  measure  the current  variation around the work- 
ing electrode. 
density, and electrode size, has been determined. Our experimental 
results a r e  compared with a theoretical analysis of current  variation. 
1 
The effect of electrolyte conductivity, average current  
A check on surface a r e a  measurements has been made by forming 
sintered silver electrodes from spherical  s i lver  particles, 
a r e  calculated from the dimensions of the s i lver  particles and compared 
Surface a reas  
with a r e a s  measured by our constant current  technique. 
A coulometric potentiostatic method for surface a r e a  estimation 
has been tried and found to show promise in some preliminary experiments. 
An a rea  of a sintered silver electrode compared favorably with that measured 
by our constant current  technique. 
Silver foil electrodes which were oxidized while being subjected to 
ultrasonic vibrations demonstrated an increase in charging capacity of 
1 0 - 3 5 %  over electrodes not subjected to the vibrations. 
increase varied with different current  densities but the variation appears 
random. No evidence has been found supporting an increase in charging 
The amount of 
capacity caused by surface fracturing. 
Preliminary experiments a r e  reported on the change in capacitance 
at the surface of a working silver electrode during oxidation. 
1 
S E C T I O N  I 
f 
POTENTIAL AND CURRENT VARIATIONS 
OVER THE ELECTRODE SURFACE 
Introduction 
1 
Data were presented in the Final Report of J P L  Contract 951554 
which show quantitatively how electrode geometry affected the current  and 
potential distributions around working electrodes. 
the present study was to find the effect of electrolyte conductivity, and 
average cur ren t  density upon the current  distribution over the surface of 
a working electrode. 
tions of Wagner. 
curves showing the rat io  of local current  density to  average cur ren t  
density ( J / J  
for  particular values of the ratio k /a. The parameter  k is equal to  the a a 
product of the conductivity of the electrolyte, 0, and the slope of the anodic 
polarization curve, h ; a is the half-width of the anode. Thus, 
a 
The main objective of 
Our data are  compared with the theoretical predic- 
2 
The resul ts  of Wagner's analysis include families of 
) a s  a function of distance across  the electrode surface 
ave 
k /a  = a h  / a  = a / a  IdAE/dJI a a 
Our experimental program consisted of three parts.  The first was 
to determine the physical changes in the electrode surface when it is sub- 
jected to extensive oxidation a t  various cur ren t  densities in an ammoniacal 
medium. This i s  necessary  to interpret  accurately polarization data. The 
second was to  determine the polarization curve for the s i lver  -ammonia 
electrode. 
curves for  a se r i e s  of k /a values and compare these with the curves p r e -  
dicted by Wagner's theoretical  analysis. 
The third was to determine experimentally a family of J /  J ave 
a 
Experimental 
The experimental system consisting of a modified Haring cell and 
1 
a Luggin capillary has been described. The important feature of the 
2 
system is that two micrometer  dr ives  mounted at right angles permit move- 
ment of one of the capillaries in two directions. 
relative to the electrode is known to fO. 001 inch. 
remains fixed in a reference position. 
( A  @) measurements has been made with these two capillaries the potential 
variation in a working cell  can be accurately mapped. 
The position of the capillary 
The second capillary 
A f t e r  a series of potential difference 
The cell  enclosure was sealed so  that significant loss of ammonia 
gas f r o m  the electrolyte occurred only when the enclosure was necessarily 
open; e. g . ,  for adding or  changing electrolyte. 
into the walls and bottom of the Haring cell. 
tu re  bath was circulated through this jacket to maintain a temperature of 
A water jacket was built 
Water f rom a constant tempera-  
20. 0 f 0. l0C. 
those described previously. 
soft glass tubing with an approximately 3 m m  long piece of Intramedic 
polyethylene tubing (0. D. .61 mm, I. D. . 28 mm) sealed into a constricted 
end with epoxy cement. 
to use. It was observed, however, that the epoxy sea l  occasionally developed 
an electrical  leak after the capillary had been in service.  This resulted in 
potential measurements which were apparently higher because the potential 
at the leak in the epoxy seal was being measured. 
the capillary t ip  and the sea l  was included in the potential measurement. 
avoid this leakage and yet to permit easy comparison with ear l ie r  measure-  
ments, glass capillaries were selected wlikhhad t ip dimensions close to 
those of the polyethylene tubing, 
The capillaries used here, however, were different f rom 
The capillaries had been made f rom 3 mm 
1 
The seal  was tested for electrical  leakage pr ior  
Thus the IR-drop between 
To 
F o r  example, the inside diameters and 
outside diameters of the capillaries used for the experiments reported here  
were: 
I. D. 0. D. 
#1 0.27 mm 0.67 mm 
#2 0.27 m m  0.66 mm 
The polyethylene capillary measurements a r e  I. D. .28  mm and 0. D. .61 mm. 
Four ammoniacal electrolytes were  prepared with the following 
compositions : 
Electrolyte A Electrolyte B Electrolyte C Electrolyte D 
14.7 - F NH40H 14.7 F NH40H 14.7 - F NH40H 14.7 - F NH40H 
0.025 - F AgN03 0.025 - F AgN03 
0.10 - F KN03 0.025 - F KN03 
Electrolyte A was used in a l l  experiments requiring ammoniacal electrolyte 
except where comparison with electrolytes of different conductivity was 
needed. 
0.025 - F AgN03 
0.05 - F KNOj 
0.10 - F AgN03 
0.10 - F KN03 
The reaction at the s i lver  anode in  ammoniacal electrolyte is: . 
Ag t 2NH3 4 Ag(NH3)2t t e -  
Because of this, potential changes associated with the formation of Ag 0 
and Ago on the electrode surface a r e  eliminated. 
2 
For  the surface a r e a  estimations the 0 .10  
Nessler ' s  reagent (0.050 F K 2 H g I  ) was used to  detect ammonia 
KOH electrolyte was 
used. 
contamination in the 0. 10 - F KOH electrolyte during roughness factor 
4 
determinations. A l l  chemicals used were  reagent grade,  
The tes t  anodes were s i lver  foil 99.9i-74 pure. The cell cathode 
was platinum foil which soon became plated with silver. 
were  made until the cathode was covered with s i lver  plate. 
No measurements  
Electrode Roughness Factor  Experiments 
Our objective here  was the oxidation of the s i lver  electrode in the 
Haring cel l  at severa l  current  densities in  the ammoniacal electrolyte 
and the measurement of the changes in roughness factor at these severa l  
current  densities. 
The method used in  measuring the effective electrolytic surface 
1 
a r e a  was the one described in previous reports.  
of oxidation (Ag to Ag 0) on a precisely flat si lver surface is assumed to 
be the same as  that for  an i r regular  s i lver  surface if the actual current  
In this method the depth 
2 
4 
densities of both surfaces are equal. The current  densities are considered 
equal when the t imes for the oxidation of the electrodes from si lver  to 
si lver (I) oxide are experimentally set equal. 
the ratio of current  to  current  density is the surface area.  
For  the i r regular  surface,  
An initial difficulty was the interference of absorbed ammonia 
released from the acrylic plastic (Plexiglas) of the Haring cell during the 
surface a r e a  determination. This ammonia passing into the 0.10 E KOH 
electrolyte increased the t ime of oxidation because of the enhanced solu- 
bility of the si lver oxide. 
was obtained by the use of Nessler ' s  reagent which is sensitive to  0.001 mg. 
NH /ml. 
hours eliminated any detectable t race  of ammonia f rom the cell. 
Additional evidence of the presence of ammonia 
Continual flushing of the cell  with hot water for two o r  three 
3 
The results of the surface a r e a  measurements a r e  presented in 
Table 1. 
ultimately produced by current  densities of 0.127, 1.6, and 6.4 m a / c m  . 
F o r  this reason a current  density of 6 .4  m a / c m  
made to determine how long it takes for  the electrode to reach a constant 
roughness factor. 
with 5 F HNO 
subjected to  the usual cleaning procedures. 
which had a high roughness factor (HNO 
3 
roughness factor (cleaned with cleanser). 
ammoniacal electrolyte fo r  1.5 hours o r  longer produced a roughness 
factor of 1.74 f 0. 03. 
produced lower roughness factors fo r  foil electrodes cleaned with cleanser 
as  in runs 3 and 6 and higher roughness factors f o r  electrodes previously 
etched in HNO as in runs 7 and 9. 
be used to correct  all current  densities and overpotential data for the 
range of apparent current  densities of 0.13 - 6.4 ma/cm . 
There was no significant difference in the roughness factors  
2 
2 was used in most  runs 
For  this determination electrodes which had been etched 
prior to  use were compared with electrodes which had been 3 -
Thus we started with electrodes 
etched) and those with a low 
In each case oxidation in 
However, oxidation for a shorter  period of time 
Thus a roughness factor of 1. 74 will 3 
2 
Polarization Curve Expe rime nt s 
The purpose of these experiments was to  establish a polarization 
5 
curve for  a s i lver  anode in an ammoniacal electrolyte 
We chose to use a Luggin capillary system for  making 
(Electrolyte A, above)., 
the measurements.  
The problems encountered in  the direct  measurement  of overpotential with 
a Luggin capillary are discussed below. 
Concentration Overpotential 
The change in  electrode potential caused by the accumulation of 
reaction products o r  the depletion of reactants can be decreased t o  a 
small value by vigorous agitation of the solution and by use of high initial 
concentrations of the ions involved in the electrode reaction (in this  case 
diamminesilver (I) complex ions). We are using both of these devices to  
reduce the concentration overpotential in  the polarization measurements.  
The concentration overpotential, 9 conc., at any cur ren t  density, i, is 
represented in its simplest  fo rm by: 
3 
-q conc. = -In RT (1 - -) i 
n F  1, 
where i is the limiting diffusion cur ren t  density and R ,  T, n, and F have 
their  usual significance. 
ing cur ren t  density fo r  the si lver anode in Electrolyte A is grea te r  than 
77 ma/cm . 
then conc. is 0 . 3  mv at 1 ma/cm and is 1.0 m v  at 3 ma/cm . This shows 
that 7\ conc. fo r  our polarization measurements  is small at current  densities 
lower than 3 ma/cm which is the range of cur ren t  densities of interest .  
L 
We have determined experimentally that the limit - 
2 2 If we assume 77 ma/cm to  be our limiting cur ren t  density 
2 2 
2 
Current  Distribution 
Because polarization is a function of cur ren t  density, the prefer red  
electrode would have a uniform cur ren t  distribution; hence the local cur ren t  
density would equal the average cur ren t  density, 
current  distribution will change as the average cur ren t  density changes. 
This causes a corresponding shift i n  the ratio of local current  density to  
If this is not the case the 
average current  density at any one point. F o r  this reason the Haring cell 
6 
which has a uniform current  distribution” 
measurements. __ 
was chosen for the polarization 
Impurities 
There a r e  several  ways in which impurities can produce e r r o r s  in 
5 
overpotential measurements. These effects include: (a) prolonged potential 
drift  with time, (b) irreproducibility of overpotential measurements for  any 
given current  density, and (c) potential changes which accompany changes 
in s t i r r ing rate,  particularly at low current  densities. 
S 
IR -drop and Capillary Shielding 
In any potential measurement made of a working electrode using the 
direct  method an ohmic potential drop will be present which is proportional 
to the distance between the capillary t i p  and the electrode surface. 
of methods have been used to eliminate IR -drop f rom overpotential measure-  
ments. Null methods such as  the Pearson bridge o r  s imilar  methods which 
use alternating current  to determine the resistance of the solution have been 
used. Electronic commutator interrupter  circuits which eliminate IR -drop 
f rom potential measurements have been designed. Stern and Geary9 have 
derived an equation which relates the slope of the l inear region of a polari-  
zation curve (at very small overvoltages) to  the corrosion rate and Tafel  
slopes. This equation is useful because a polarization curve can be made 
f r o m  overpotential measurements at very  small currents  (less than a few 
microamperes)  where IR-drop effects are small. 
to  place the measuring capillary as close as possible to the electrode s u r -  
face to  eliminate IR -drop. The potentials measured with a capillary close 
to the electrode surface are, however, different f rom the t rue  potential 
because of capillary shielding. 
A number 
6 7 
8 
It is a common procedure 
7,lO 
The micrometer  drive in our apparatus makes possible a se r i e s  of 
potential measurements with the capillary placed at various known distances 
f rom the electrode surface. These measurements can be extrapolated to  
7 
the potential a t  the electrode surface because of the linear relationship 
between IR-drop and distance. The data for Figure 1 were taken in this 
manner. To tes t  this m t h o d ,  similar measurements were made using 
the three electrolytes A ,  B, and C (page 3).  The resul ts  a r e  compared 
in Figure 2. 
because of the different conductivities of the three electrolytes, but a l l  
three lines converge to  a common intercept. 
ohmic overpotential can be eliminated f rom overpotential measurements 
leaving only the activation overpotential. 
is that the capillary need not be brought close enough to  the electrode s u r -  
face to  cause significant shielding. 
taken a t  distances c loser  than 0. 05 inch which show the effect of shielding 
by the capillary. This i s  in agreement with Barnart t ' s  measurements 
which predict that significant shielding would occur 0. 04 inch from the 
electrode surface f o r  the system used here. 
As expected, the slopes of the three plots a r e  different 
This indicates that the 
Another advantage of this method 
There a r e  data points in Figure 1 
10 
The extrapolation of the potential versus distance data was done 
A sample of these extrapolated by a least  squares  computer program. 
data i s  in Table 2. 
in Figure 3 .  
factor of 1.74 as shown in the preceding section. 
the k / a  ratios were determined from this polarization curve. 
The polarization curve made f rom these data is shown 
The current  densities were corrected for the roughness 
The values of h for  a 
a 
Cur rent Variation Experiments 
The objective of these experiments was the determination of the 
current  variation over the electrode surface (J /J  versus distance) f o r  ave 
a se r ies  of k / a  values. This s e r i e s  was made by using three electrolytes 
a -1 -1 
of different conductivities (a = 0. 009, 0. 006, and 0. 004 ohm cm for 
electrolytes A ,  B, and D) four different current  densities (h 
10. 8, 14. 5, and 21.8 corresponding to  current  densities of 2. 0, 1. 0, 0. 5, 
and 0.25 m a / c m  ), and two electrode widths (a  = 0.68 and 0.34 cm). The 
range of k /a values covered in this s e r i e s  i s  from 0.06 to 0.6. 
mental determination af J / J  
= 6.80 ,  
a 
2 
The experi-  
a 
is based on Ohm's law, 
ave 
J=C7 ski& 
dn 
8 
where J is the local current  density, ts is the electrolyte conductivity, and 
d$ -is the local potential gradient. 
dn 
the direction of current  flow. 
In this expression, n is the distance in 
Since J is a vector, 
where x, y, and z a r e  the Cartesian coordinates indicated in Figure 4. 
Measurements of r$ in two directions (x, y) were made using the micrometer  
drives which permitted capillary movement in two dimensions. 
versus x and of r$ versus  y were made. 
a$ /ax  and aqj/ay were obtained. 
a$/ax and a$ /ay  with the present apparatus the vertical  s t r ip  electrode 
shown in Figure 4 was chosen f o r  analysis. 
f rom the solution surface to the bottom of the cell  the current  density 
distribution in the vertical  z direction i s  assumed to be uniform and the 
potential gradient @ t o  be zero. 
(2)  by the use of the experimental a@/ax  and a $ / a y  values and the measured 
Plots of @ 
From these plots the values of 
Because we are able to evaluate only 
Since this electrode extends 
J values were  then calculated f rom equation 
a Z  
values of 0. Plots  of J/J for eight k / a  ratios a r e  shown in Figure 5 (J ave a ave 
is the total current  divided by the geometric a r e a  of the electrode). 
of our experimental plots is compared with a plot determined from Wagner's 
theory for the same k /a  ratio. The experimental electrolyte conductivi- 
ties, polarization curve slopes, and electrode half -widths f rom which each 
k / a  ratio was calculated a r e  included in Figure 5. 
Each 
2 
a 
a 
Wagner based his theory on numerical  solutions of an  integral  equation 
derived f rom Poisson's equation and Ohm's law. In his derivation the k / a  
ratio represents all the experimental variables which affect the current  
distribution in the cell. The electrode and cell geometry which he con- 
sidered a r e  very similar to  our s t r ip  electrode at the end of the Haring 
cell  shown in Figure 4. 
the width of the cell  and the distance between anode and cathode were very 
large compared to the width of the working s t r ip  electrode. In our cell the 
a 
Wagner considered a cell  of such size that both 
9 
distance separating the anode and the cathode is about 10 t imes the width of 
the largest  anode while the width of the cel l  is only slightly more  than 3 
t imes the largest  anode width. ( see  Figure 4). 
The experimental curves shown in Figure 5 compare favorably 
with the theoretical  curves. 
variable for comparison appears justified because within the l imits of e r r o r  
the current  density distribution follows this ra t io  and does not seem to be 
sensitive to  the 5, ha, and a values used to  determine the ratio, 
electrolyte conductivity, polarization curve slope (current  density), and 
the geometric factor, a, a r e  the factors which determine the cur ren t  
The use of the k /a rat io  a s  the experimental a 
Thus the 
distribution in the cell. 
distribution data for  any cell  and electrode geometry i f  a suitable geometric 
factor is available. 
These factors can be used to  compare current  
The differences between the experimental and the theoretical  curves 
2 
a r e  probably the result  of the ideal conditions considered in  Wagner's 
analysis which a r e  different f rom the real conditions existing in the experi-  
mental cell. 
a s  compared to the dimensions of our cell. 
1 The f i r s t  i s  the large cell w5.dth and length assumed by Wagner 
The second is the fact that the 
working s t r i p  electrode changes i ts  shape af ter  being oxidized. 
shows the profile of a s t r ip  electrode which has been extensively oxidized. 
The significant change i s  the notches which have been etched at the edges 
Figure 4 
of the s t r i p  electrode because of the nonuniform current  distribution. 
explains a t  least  in part, why our curves a r e  s teeper  in the region of the 
edge and tend t o  show a smal le r  J / J  
electrode. 
distribution is good but it is difficult to apply i t  even to  the simplest  working 
This 
ratio in the central a r e a s  of the 
Thus the theoretical basis for  Wagner's analysis of current  
ave 
cells. 
chemical cell  can, however, be made and compared using the experimental 
parameters  conductivity, polarization curve slope, and geometry included 
in the k /a ratio. a 
Good measurements of the cur ren t  distribution in a working electro-  
10 
S E C T I O N  I1 
SURFACE AREA ESTIMATION 
Introduction 
b 
Y 
This section of the report  descr ibes  work done (a) to check the 
accuracy of the previously reported technique f o r  determination of effective 
1 
electrolytic surface a rea  
measurement of the surface a rea  of an electrode. 
and (b) to  develop alternative approaches to  the 
The method of surface a r e a  estimation which has been reported 
involves the measurement  of the t ime during which the potential of a Ag-Ag 0 
electrode remains essentially constant under the influence of a constant 
applied current.  
thickness of the oxide layer  formed on the surface of the s i lver  i s  a function 
of the current  density. 
unknown surface a rea  until the length of the Ag-Ag 0 plateau matches the 
plateau length of a smooth standard electrode, one can then assume that 
the electrodes were oxidized a t  the same current  density and consequently 
have equal depths of penetration. From the cur ren t  and current  density at  
the unknown electrode, one can calculate the surface area.  More detail i s  
given in a previous report. 
this method involved the preparation of sintered silver electrodes f rom 
2 
The principle upon which the method is  based is that the 
By varying the current  applied to an electrode of 
2 
1 
The approach used t o  check the accuracy of 
spherical  particles of known size. 
surface a reas  which could be calculated and compared with the a rea  obtained 
experimentally. 
Electrodes prepared in this way had 
Two alternative approaches to  surface a r e a  determination a r e  being 
In the first of these the total charge applied to  the electrode a t  considered. 
constant potential i s  r m  asured by integration of the current  -time plot. 
fore,  i t  is a coulometric-potentiostatic method. 
si lver electrode the cur ren t  r i s e s  rapidly to a maximum and then decreases  
as the resis tance of the thickening oxide layer increases.  
that the thickness of an oxide layer (X) may be determined f rom the total 
There - 
In such an oxidation of a 
11 Allen has shown 
11 
charge (q = i t) and the surface area (a). 
constant cur  rent (i). 
His measurements were made at 
X =  M i T  = k %  
n F p  a a 
M = molecular weight of oxide, F = faraday, p = density of oxide, and 
n = equivalents /mole. 
The depth of oxidation at 
X =  
and may be considered to be the 
a constant potential is therefore 
a 
k q  - k s i d T  - 
a 
same  for smooth and i r regular  electrodes 
at that potential. 
a r ea  of an electrode of i r regular  surface may be determined by comparison 
of total charge necessary to passivate the electrode with the charge necessary 
to passivate a standard electrode of known surface area.  Any difference in 
total charge should be caused by a difference in surface a r e a  since a t  equal 
potentials the depth of penetration will be equal. 
Once this total charge can be determined, the surface 
X (Standard) = X (Irregular)  
Standard). = q ( I r regular)  
a (Standard) a ( I r regular)  
k q  ( 
Ir r e pular ) ( 
.*. a (Irregular) = a (Standard) q (Standard) 
In the second approach the assumption i s  made that under conditions 
of charging the electrodes at constant potential, the current  density maxima 
will be identical regardless of the surface i r regular i t ies  of the electrodes. 
Therefore, this is a peak-amperometric potentiostatic method. Here,  as in 
the coulometric potentiostatic method, the interest  is in the current  plot 
during constant potential charge. 
time curve is essential  t o  this estimation, since by the assumption stated 
above the a r e a  (a) of an i r regular  electrode would be calculated by 
I 
However, only the maximum in  the current  - 
lmax (Irregular ) 
c. d. (Standard) a (Irregular) = 
max 
1 2  
where i is current  and c.d. is current  density. 
Experimental 
The sintered electrodes of known surface a r e a  were prepared f rom 
silver powder consisting of spherical  si lver particles of known diameters.  
These spherical  si lver powders were obtained f rom Part ic le  Information 
Service, 600 South Springer Road, Los Altos, California 94022. The 
powders had been separated into various size ranges by an a i r  p ressure  
flow system in which the heavy, large diameter particles were trapped 
and the light, small  diameter particles were collected f rom the column 
a t  different a i r  pressures .  
in the preparation of the sintered electrodes a r e  given in Table 3.  Table 4 
shows a particle count which was made microscopically f rom random sam-  
ples of the various powders used. 
The particle size ranges of the powders used 
The distribution i s  seen to be approxi- 
I P 
mately gaussian. 
These powders were pressed into electrodes and sintered a t  600°C 
for 3 0  minutes. 
a rea  calculated. 
The electrodes were then weighed and the total surface 
The formula used for this calculation is given below. 
d = diameter of particle 
p = density of si lver 
w = weight of electrode 
A = total surface a r e a  
6w A = - - .  
Pd 
2 
If the surface a rea  is expressed as an a r e a  per unit mass  ( cm /gm), the 
formula is rearranged to  the following: 
a rea  6 - 
unit mass  p d  
In this calculation we assume that the total surface area is the sum of 
the surface areas of the spherical  particles that make up the electrode. 
There is a possible e r r o r  evident in this assumption. 
a rea  will be less than the sum of the particle surface areas because par t  
of the surface of each of the particles will be pressed against its neighbors. 
However, i f  the radius of this contact area is smaller than the depth of 
The total  surface 
\ 
i 
penetration of the oxide layer, the quantity of s i lver  oxidized will be 
virtually unchanged by the contact. 
o r  melted together until the radi i  of the contact areas become large 
compared to  the depth of penetration does serious e r r o r  resul t  f rom 
the assumption that the entire spherical  surface reacts. 
examination of the electrodes shows that little distortion o r  melting took 
place. 
electrodes made f rom particles of each size range. 
were sintered, they were soaked in 0.1 N KOH for 15 minutes. They 
were oxidized, the current  densities were determined from the standard 
1 
curve, The reproducibility of the 
oxidation runs was -+7%. 
mass obtained from these experimental measurements are a l so  shown in 
Table 3. 
Only i f  the particles are pressed 
Microscopic 
Table 3 lists the calculated surface a r e a  per  unit mass  of sintered 
A f t e r  these electrodes 
and the surface area was calculated. 
The effective electrolytic surface a r e a s  per unit 
In the coulometric potentiostatic method the oxidations were con- 
ducted in a cell  thermostattedat 20.0 f 0. l0C. 
counter-electrode and a Hg-HgO reference electrode were used in the cell 
as shown in Figure 6. 
a r e a  of 2.36 c m  (roughness factor, 1.18). The e r r o r  limit of four 
measurements was &5%. The current  flow was calculated'from the 
potential drop ac ross  a 1 0 0  ohm standard resis tor .  The current  flow 
at applied potentials of 0 . 3 4 ~  and 0 . 5 1 ~  vs. the Hg-HgO reference is 
shown in Figures  7A and 7B. 
f rom the integral  of the current-t ime plot (Figure 8) obtained by placing 
the inputs of the integration circuit  across  the standard resis tor .  The 
integral  output was standardized by passing a constant current  into the 
integrator and measuring the time required to  reach a given point, Co, 
A cylindrical platinum 
The silver foil electrodes had an average surface 
2 
The total charge in coulombs was observed 
on the scale of the recorder.  
the following equation. 
The depth of penetration is  obtained f rom 
13 
M i ,  t, C 
x = p  F a C ,  
14 
X = depth of penetration (cm) 
m = equivalent weight of s i lver  - 108 ’g/equiv‘ 
P = density of silver, = 10. 7 ‘g/cm3‘ 
F = Faraday = 96500 :coul/equiv’ 
a = surface a r e a  ( cm ) 2 
Co = scale divisions for  standardization 
io = constant cur ren t  f o r  standardization (coul/sec) 
to = t ime required to  reach Co (sec)  
C = scale divisions for total  charge necessary to  
pa s s ivat e e le c t r ode 
The following procedure was used to  measure  C, the displacement 
which corresponds t o  the total  charge necessary to  passivate the electrode. 
As shown in Figure 8 a line is drawn tangent to  the linear portion of the 
graph. 
ground current  that continues to  flow after the reaction i s  complete. 
point a t  which the integral  line breaks from this tangent line represents  the 
point a t  which the oxidation of the s i lver  essentially stopped. 
charge necessary to  passivate the electrode i s  measured at this point a s  
shown in Figure 8. 
accuracy of this method to  allow extension to  surface a rea  estimations. 
A ser ies  of runs has been made and the resul ts  a r e  given in Table 5. 
Although a trend is indicated the e r r o r  limits are large enough to obscure 
this trend and further work i s  needed to  resolve this detail. 
This linear portion represents  the integral  of the constant back- 
The 
The total 
Work i s  continuing to improve the experimental 
The peak-amperometric potentiostatic method requires a more  
sophisticated potentiostatic circuit  to  insure that the peak cur ren t  is a 
function only of the electrochemical reaction and not of the potentiostat. 
A fast  r i s e  to  a predetermined potential with a minimum overshoot is 
required. The components f o r  this circuit  a r e  now being constructed 
and assembled. 
Results and Discussion 
The results of the comparisons made between calculated and 
experimentally determined surface a r e a s  in electrodes made f rom 
spherical  particles a r e  given in  Table 3, The percentage e r r o r  f o r  the /. 
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smaller  s ize  ranges (6 to  9 microns) is much greater  than for  the large 
s ize  ranges (24 to 48 microns).  Since there  is expansion of the s i lver  
particles as  s i lver  oxide is formed, there  is the possibility of a filling 
of the holes in  an electrode i f  the depth of penetration is sufficient. A s  
the particle s ize  decreases ,  the dimensions of the open spaces in the 
electrode a l so  decrease.  Therefore,  with smal le r  particles a fixed 
depth of oxidation is more  likely to  resul t  in a filling of the open spaces 
than is the case w'ith la rger  particles. It appears probable that ent i re  
regions of a n  electrode prepared f rom sufficiently smal l  particles can 
be made electrochemically inactive by being sealed off f rom the 
remainder of the electrode. 
Calculations made for electrodes prepared f rom particles of the 
s izes  that we used indicate that the volume increase ranges f rom about 
2% fo r  
Since even close packing of spheres gives about 26% open space, it i s  
evident that a l l  holes or  pores i n  the electrodes a r e  not in any case being 
filled by oxide formation. Therefore, unless very uneven oxidation occurs 
in our electrodes in the ear ly  stages of the run, there  appears to be smal l  
likelihood of a seal-off of segments of the electrode. Much smal le r  par t i -  
cles would be required. 
the largest  particles to about 5% for  the smallest  particles. 
Qualitative experiments made upon new vacuum-deposited s ilver 
surfaces indicate that 0.1 N KOH does not wet the si lver.  
the discrepancies in surface a r e a s  for  electrodes with smal l  particles may 
be caused by nonpenetration of electrolyte into the smal l  pores. 
Therefore, 
Another factor of importance is that particles of s i lver  in the large 
size range (diameters of 24 to 28 microns) have about the same size a s  
the i r regular ly  shaped particles usbd in commercial  sintered silver electrodes. 
The surface a r e a  per  unit mass  for the electrode made f rom these particles 
was 171 cm /gm. 
were 469 and 584 cm /gm 
made with the spherical  si lver particles. 
2 1 
Surface a reas  for  two commercial  sintered s i lver  electrodes 
2 
o r  about three t imes the a rea  of the electrode 
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4 
The effectiveness of the coulometric potentiostatic method in the 
estimation of electrolytic surface area is currently being determined. 
The first s tep is the determination of the depth of penetration for smooth 
silver electrodes which will se rve  as standards for the method. 
is to  use si lver f rom vacuum deposition for these smooth electrodes. 
However, the experiments reported at this time are for s i lver  foil e lec-  
trodes.which have a roughness factor of 1.18 as determined from our earlier 
constant current  method. 
electrodes all of which have the same geometric area and, therefore, the 
same surface area. 
appears constancy of total charge necessary to  passivate each electrode 
subjected to a specific potential within the range of potentials which could 
produce silver(1)oxide but not si lver (11) oxide (0.340 to  0. 550 v. vs. the 
Hg-HgO reference electrode). 
in this range with an e r r o r  limit of *12%. 
and technique may reveal a slight dependence of depth of penetration as a 
function of the applied potential in this limited potential range. 
Our plan 
B 
Several runs have been made with these foil 
Within the limits of experimental accuracy there  
The average depth of penetration was 614 2 
Improvements in instrumentation 
A preliminary run on a sintered silver electrode of the same geometric 
a rea  as the foil electrodes has been made. 
ness factor of the foil electron the calculation of the roughness factor for 
the sintered silver electrodes gave a value of 67. 
with the roughness factors determined previously 
silver electrodes. 
With due allowance for  the rough- 
This compares favorably 
for commercial  sintered 
1 
It is of interest  to note that in  the ear ly  stages of oxidation the total 
charge passing through the surface is greater  for the oxidation at the lower 
potential (0. 34 v, Figure 8, Curve A )  than that at the higher potential (0. 55 v, 
Figure 8, Curve B). Although the current  maximum is much higher in the 
oxidation at the higher potential it is also much sharper  resulting in less 
to ta l  charge passing within the first two minutes of reaction. 
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S E C T I O N  I11 
THE EFFECTS OF ULTRASONIC VIBRATIONS ON 
THE OXIDATION OF SILVER 
Introduction 
In the first s tep of the electrolytic oxidation of s i lver  in alkaline 
solution (Ag 3 Ag 0) a t  constant current ,  the amount of oxide formed is 
proportional to  the length of the potential plateau. l 3  This charging 
2 
capacity i s  a function of reacting surface a r e a  and depth of oxidation a t  
constant temperature.  
1 
Skalozubov, Kukoz, and Mikhailenko" report  that up to  20% 
increase in  charging capacity is obtained i f  the oxidation occurs in a cel l  
which is subjected to ultrasonic vibrations. 
whether this increase i s  caused by (1) an increase  in the depth of penetra- 
tion, (2)  an increase in the reacting surface a rea ,  (3)  replacement of oxide 
Our study is to  determine 
) lost through dissolution o r  flaking as a resul t  of the vibrations, o r  (4) other 
factors not yet considered. 
Experimental 
The apparatus used in studying charging capacity i s  i l lustrated in  
Figure 9. 
output of 8 0  watts. The Ag-Ag 0 reference electrode was used in te r -  
changeably with a Hg-HgO reference electrode since absolute potential 
measurements were not needed. 
described by Wales and Burbank. l 5  The temperature was measured with 
a thermistor  bridge and was controlled a t  20.0 f 0. l0C. 
The ultrasonic vibrator used has a frequency of 80 K H Z  and an 
2 
The Ag-Ag 0 cel l  was prepared as 2 
Cleaning of the 
i 
1 
si lver  foil was accomplished by scrubbing with abrasive cleanser  and 
rinsing with distilled water. An alternative method of cleaning which 
did not involve surface abrasion was also successfully employed. In 
this method, the electrode was washed with alcoholic KOH to remove 
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grease and other soluble films. The s i lver  was rinsed thoroughly and then 
roasted at 45OoC for 30 minutes in an  electr ic  furnace to  reduce any oxide. 
The increase  in charging capacity caused by ultrasonic vibrations 
was found to be 10 to  3 5 %  depending on current  density ( see  Table 6). 
2 
Silver foil  d iscs  having a geometric surface a r e a  of 0. 70 e m  were 
used in these experiments. 
Results and Discussion 
Electrolyte Depletion 
In the oxidation of sintered s i lver  without vibrations the depth of 
oxidation may be limited by the depletion of the electrolyte in the smal l  
pores of the electrode, 
pores by the ultrasonic vibrations could possibly account f o r  the observed 
increase in charging capacity. 
use of smooth foil electrodes rather  than sintered silver.  
not available in which depletion of electrolyte could occur. 
The circulation of f r e sh  electrolyte into these 
This possibility was eliminated by the 
Thus pores were 
Sur face Wetting 
Ultrasonic vibrations could also cause an increase in charging 
capacity of sintered electrodes by forcing electrolyte into smal l  pores 
which would not have been wetted without the increased circulation of 
electrolyte by the vibrations. 
consideration by the use of s i lver  foi l  ra ther  than sintered electrodes. 
This effect was also eliminated from 
Surface Cleaning 
Surface impurit ies on the s i lver  foil can passivate areas of the 
The excellent surface cleaning properties of the ultrasonic electrode. 
vibrations could account f o r  the charging capacity increase by increasing 
the reacting surface area. This effect was found to  be negligible o r  non- 
existant by exposing the electrodes to  the cleaning action of the vibrations 
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i 
just pr ior  to, ra ther  than during oxidation. 
was observed (see  Table 7). 
during the electrolytic reaction required an  average of 2. 99 f 0.02 minutes. 
No increase  in  plateau length 
Oxidation without vibrations either before o r  
The plateau length of oxidations which were preceded by ten minutes exposure 
to  ultrasonic vibrations was 2.94 f 0.14 minutes. 
within experimental limits. 
These two values are well 
Fractur ing 
Skalozubov and coworkers hypothesize that the increase i s  caused 
by fracturing of the s i lver  surface which resul ts  in an increased surface 
area.  l 4  If this i s  t rue  an oxidation requiring a long t ime would resul t  
in more  fractures  and a la rger  increase i n  surface a r e a  than oxidations 
which required a short  time. 
the percent increase a t  various cur ren t  densities which required f rom one 
t o  sixteen minutes to complete the first oxidation. 
be identified which relates  percentage increase  to  the t ime required f o r  
the oxidation (see Table 6). 
the top to  the bottom of the table and that the plateau length decreases  
accordingly. 
tent decrease expected i f  the charging capacity increase were caused by 
fracturing. 
the relationship of current  density t o  increase in charging capacity. 
This hypothesis was tested by observing 
No general  trend can 
Note that the current  density increases  f r o m  
The percentage increase,  however, does not show the consis - 
Work i s  continuing in this a r e a  to  determine more  precisely 
Dissolution and Flaking of Oxide 
If the vibrations cause an increase in the rate of dissolving o r  
flaking of oxide f rom the surface, an  additional equivalent amount of s i lver  
will oxidize to maintain the oxide thickness. 
cates a greater  charging capacity. 
since neither the reacting surface a r e a  nor the depth of oxidation actually 
increases.  
lyte 
Thus the plateau length indi- 
This i s  a false indication, however, 
This effect is currently being studied by acidifying the electro-  
after oxidation with and without the vibrations and determining the Ag 
t 
20 
t 
concentration. 
the oxidation with vibrations and the electrolyte f rom the oxidation without 
vibrations will be compared to the percent increase in charging capacity. 
Data sufficient to make meaningful conclusions have not yet been obtained. 
The difference in equivalents of Ag in the electrolyte f r o m  
Future Work 
Further  studies relating current  density and the amount of increase 
in charging capacity are in progress.  
very  fine emery  paper a r e  two methods of surface preparation which will 
Electropolishing and sanding with 
be studied in order  to  improve the reproducibility of plateau length VS. 
current  density measurements. 
A constant potential study will allow us to determine whether the 
increase occurs uniformly during the entire oxidation o r  only during the 
last  portion. 
Silver ion concentration measurements will be continued to  deter  - 
mine the amount of oxide loss during vibration. 
Finally these methods will be extended to sintered electrodes to 
determine the effects of electrolyte depletion and surface wetting. 
21 
S E C T I O N  IV 
CAPACITANCE O F  SILVER ELECTRODES DURING 
FILM FORMATION 
Introduction 
16 
In an ar t ic le  published in 1959, Cahan and Ruetschi described 
a technique for  studying films produced at electrochemical interfaces. 
This technique consists of imposing a square wave cur ren t  on a constant 
d-c current.  
observed with an oscilloscope permit the calculation of the capacitance 
and resistance. Later,  in 1960, Cahan, Ockerman, A m l i e ,  and Ruetschi 
reported their  use of this technique in the study of the s i lver-s i lver  oxide 
electrode. 
The voltage transients at the surface of the electrode a s  
17 
The capacitance is determined by the equation: 
where i is the square wave current  and a V / a t  is the slope of the voltage 
t ime t r ace  on the oscilloscope. 
tance to  decrease until the oxidation reached the peak a t  the end of the f i r s t  
plateau of the potential-time curve. 
abruptly and then dropped again a s  the potential at the electrode rose to  a 
higher value. 
phase of oxidation. 
coverage of the electrode with Ag 0 which has a ve ry  high electr ical  2 
resistivity. 
These investigators observed the capaci- 
A t  this point the resis tance increased 
The capacitance gradually increased during this second 
They interpreted the abrupt change a s  due to  a complete 
Other mechanistic features  were included in their  discussion. 
We suggest that this technique can be extended to  give additional 
detail concerning the reactions a t  the s i lver  -silver oxide electrode. 
Although our plans include (1) the determination of exchange cur ren t  
density as a function of both temperature  and extent of oxidation, and (2) the 
calculation of ra te  constants and activation energies for  the various reactions, 
this preliminary progress  report  concerns only a few init ial  experiments on 
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the influence of the frequency of the square wave cur ren t  and of the tempera-  
tu re  of the electrode on the capacitance measurements.  
Apparatus and Procedures  
The experimental arrangement i s  about the same as  that of Cahan, 
This i s  shown in schematic form in Figure 10. 16 etal ,  A constant d-c 
current  passes through the cell  via the outer platinum gauze electrode 
from a n  Electronic Measurements Model C-629 power supply. 
wave current  at the surface of the electrode i s  obtained by imposing a 
square wave potential ( f rom a Hewlett-Packard Model 112A Generator) 
a t  the inner platinum gauze electrode after passing through a 5 P F  
capacitor and a non-inductive cur ren t  limiting res i s tor  in se r ies .  
value of this res i s tor  in  most of the runs was 11,400 ohms which gave 
a square wave current  of 5 ma, peak to  peak. 
face of the s i lver  electrode i s  measured through a Luggin capillary with a 
A square 
The 
The potential a t  the s u r -  
mercury-mercuric  oxide reference electrode. 
i s  fed through a nine megohm shielded res i s tor  into the electrometer  c i r -  
cuit of a Beckman Expanded-Scale pH meter  to obtain the d-c polarization 
curve. 
Oscilloscope to obtain the potential transients caused by the square wave 
The signal f rom this circuit  
A l s o  the same signal is fed into a Hewlett-Packard Model 141 A 
current.  This 
consists of a ten turn potentiometer ac ross  a 1.35V mercury  battery. 
A bias box i s  placed in se r i e s  with the electrometer.  
The capacitance was determined by direct  measurement with a 
straight-edge, of the initial slope of the potential-time curve on the 
oscilloscope screen. 
was divided into the square wave current  in milliamps to give the capacitance 
in  microfarads.  
0.1 millivolt. 
o rder  the e r r o r  limit of the calculated capacitance i s  large. An example of 
a capacitance curve showing e r r o r  l imits by vertical  extension of each data 
point i s  shown in Figure 11. Other character is t ics  of the curve include the 
The value of this slope in millivolts per  microsecond 
The ordinate of the slope was m a s u r e d  to  the nearest  
When the magnitude of the measured voltage i s  of this same 
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t ime t l  of the sha rp  minimum and the time t2 at which oxygen evolution 
occurs. 
peak observed at the end of the Ag-Ag 0 plateau on the potential-time 
curve for the direct  cur ren t  component. 
The sha rp  minimum corresponds exactly with the character is t ic  
2 
Although the e r r o r  limits in Figures 3, 4, and 5 are comparable 
to those i n  Figure 2, they have been omitted in  order  to  simplify the graphs. 
Discussion 
The resul ts  of severa l  runs a r e  summarized in Table 8. The 
capacitance measurements of some of these runs are presented in Figures 
11 through 14. 
1 
The time tl 
The sequence of runs l A ,  l B ,  and 1Cshows an increase in time t 
with repeated oxidation and reduction of the same  electrode, 
i s  used in  the surface a r e a  studies (SECTION I1 of this report)  to measure  
effective electrolytic surface area.  Accordingly, the increase in t for 
the sequence l A ,  lB ,  and 1C probably reflects the increase in surface a rea  
of the electrode. 
1 
Influence of Frequency 
1 The sequence of runs ZA, ZB, and 2C shows an increase in  t ime t 
in going f rom a square wave frequency of 625 to  3125 Hz, but no change f rom 
3125 to  10,000 Hz. However, time t is sometimes not reproducible even 1 
when runs a r e  conducted under the same conditions a s  in runs 3A, 3B, and 
3C. Therefore, considering only these experiments we cannot be certain 
how the time t depends on frequency, 1 
In Figure 1 2  capacitance curves a r e  shown for three frequencies. 
The most significant feature of this comparison is the change that occurs 
in the magnitude of the capacitance in the region of the second s tep  of the 
s i lver  oxidation, 
tance before oxygen evolution s t a r t s  but at frequencies of 3 125 and 10, 000 
Hz there  is a drop in capacitance during most of the second s tep of the 
oxidation. 
A t  a frequency of 625 Hz there  is a slight drop in capaci-  
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I 
Although there  is an  increase in  time t with an increase in  frequency, 2 
this may be due to an  increase in surface area with repeated oxidation and 
reduction of the electrode rather  than to  any fundamental influence of 
frequency. 
Influence of Temperature 
The sequence of runs 4A, 4B, 4C, 4D, and 4E are shown in Figures 
13 and 14. 
by two runs (4C and 4D) made at O°C in an ice-water bath. 
then warmed to room temperature and another run (4E) was made. The 
runs made at room temperature are shown in Figure 13 and a composite 
of runs 4C and 4D at O°C is  shown in Figure 14. 
of the runs a t  room temperature i s  shown as a dashed line. 
Two runs (4A and 4B) were made at room temperature,  followed 
The sys tem was 
Also in Figure 14a composite 
This comparison in Figure 14 shows the t / t  1 2  ratio to  change as a 
A t  O°C the ratio is 0.36 while at  25OC the ratio function of temperature. 
averages to  0.22. 
to Ag 0 reaction occurs before the potential changes to the second step value. 
At 25OC only about 44% of the s i lver  which will be oxidized before oxygen 
evolution, is oxidized to  Ag 0 before the potential changes to  that of the 
second step; at  O°C about 72% is oxidized, This means that in both cases  
there  will be oxidization of Ag to Ag 0 while the potential is sufficient for 2 
the Ag 0 -Ago  oxidation, but there  will be more  such oxidation at the higher 2 
temperature.  
A t  lower temperatures,  a greater  proportion of the Ag 
2 
2 
The region of low capacitance in the Ag 0 to Ago range which was 2 
observed at room temperature is not observed a t  O°C. 
tance after passing through the sharp  minimum continues to  rise until 
oxygen evolution occurs. 
A t  O°C the capaci- 
The overall time to oxygen evolution, t2, is less at  low tempera-  
( 3 . 0  minutes at O°C, 5 . 3  minutes at 25OC). Therefore, penetra- tures.  
tion of the si lver electrode by the oxidation reactions is less at lower 
temperatures. 
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Conclusions 
A s  indicated above this phase of our program is just beginning. 
The observations reported and discussed here  are based on some prelimin- 
a r y  experiments in which general  t rends for  a few reaction variables have 
been indicated. 
effected yet. 
have not been controlled. 
Precise control of some of these variables has not been 
F o r  example temperature  and surface area of the electrode 
However, these experiments have shown that (1) the t ime t2  de-  
c reases  with a decrease  in  temperature;  (2) the ratio t /t increases  with 
a decrease in  temperature;  (3) the capacitance drops to a sha rp  minimum 
a s  the electrode i s  completely covered with Ag 0; (4) the capacitance again 
drops to low values before oxygen evolution at room temperature  but not 
1 2  
2 
a t  O O C .  
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TABLE 1 
Electrode Roughness Factor Experiments 
Roughness 
Run Density Time (actual area) f Electrode History 
No. m a / c m  (hr)  (geometric area) (pr ior  to  run) 
2 
Current Oxidation Factor  
- 
1 0.127 12 1.75 oxidized at 6 . 4  ma/cm f o r  
2 hours 
2 
2 2 1 .60  1 1.73 oxidized at 6.4 ma/cm for  
11 min. and at 0.127 ma/cm 
for  12  hr.  ( run no. 1) 
3 6.40 . 3  
4 6.40 . 4  
5 6.40 . 5  
1.62 
1.80 
1. 72 
6 6.40 . 3  
7 6.40 . 5  
8 6.40 . 5  
9 6.40 . 9  
10 6.40 3 
new electrode cleaned with 
cleanser  
2 
oxidized at 6.2 ma/cm for 
. 3 hr. ( run no. 3) 
oxidized at 6.4 ma/cm for 
. 7 hr. ( run no. 4) 
2 
1.29 new electrode cleaned with 
cleanser  
2.12 new electrode -etched with 
5 - F HN03 
2 
1. 70 oxidized at 6 .4  ma/cm for  . 5 hr. (run no. 7) 
2. 08 new electrode -etched with 
5 - F HN03 
1. 72 new electrode -etched with 
5 - F HN03 
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TABLE 2 
Extrapolated Polarization Data 
Run # 
107 
110 
113 
116 
119 
122 
125 
128 
131 
134 
137 
140 
143 
1 46 
149 
152 
155 
158 
161 
164 
Slope 
a / d Y  rl Current  Density (extrapolated) 
ima/cm 2) (mv) m v  / inch) 
3.22 
2.58 
1.94 
1.61 
1.30 
0.964 
0.645 
0.323 
2.57 
1.93 
6.48 
5. 78 
5.14 
4. 50 
3.86 
3.21 
1.61 
1.28 
0.966 
0.642 
69..97 
5 9.. 8 1 
52.78 
49.34 
45.43 
40.53 
35.05 
28.84 
57.64 
52.52 
81.02 
80.12 
74.83 
72.18 
69.56 
64.35 
50.89 
46.38 
42.37 
36.48 
809.7 
648.3 
485.3 
404.9 
326.0 
244.0 
162.9 
80.60 
634.5 
476.5 
1606.5 
1431.5 
1273.5 
1112.5 
953.1 
791.7 
392.9 
315.3 
235.6 
156.1 
Standard 
Deviation 
0
0.4760 
0.5121 
I 0.4190 
0,4671 
0.3033 
0.2136 
0.3478 
0.2984 
0.3831 
0.2035 
0.9987 
1.6975 
1.1466 
0.7992 
0.6467 
0.2867 
0.2521 
0.4334 
0.1306 
0.1715 
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2 4  to 
number of 
particles 
TABLE 4 
Particle Counts of Spherical Silver Particles 
48 micron range 
diameter size 
in microns 
3 46 
16 
17 
11 
39 
33 
26 
2 20 
particles 50 average 33 
6 to 9 micron range 
number of diameter s ize  
in microns particles 
1 10 
8 9 
22 8 
18  7 
1 6 
particles 50 average 8 
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TABLE 5 
Depth of Penetration of Silver Foil  Electrodes by the 
Ag 4 Ag 0 Reaction as a Function of Controlled 
Potentials in a Limited Potential Range 
2 
Total Charge 
Foil  Electrode Potential Coulombs E r r o r  Depth of 
Surface Area (Volts vs. Hg-HgO) Limits Penetration (-82 
.340 1.63 &7% 688 
2 
2.36 c m  
2. 36 .400 1.54 &9% 652 
2.36 .450 1.43 & l l %  603 
2.36 . 5 0 0  1.39 k 9 %  590 
2. 36 . 550  1.28 &8% 541 
Average 61 4 
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TABLE 6 
The Effect of Current Density on the Increase i n  Charging Capacity 
Plateau Length (Minutes) 
With % Average Without % Average 
Current Density Vibrations Deviation Vibrations Deviation % Increase 
109 yamps/cm2 15.46 3 12.13 4 27. 5 
145 10.66 2 7.88 3 35.3 
182 
21 8 
291 
363 
43 6 
6.85 2 5.74 3 19. 3 
5.54 2 4.64 2 19.4 
3.74 4 3.39 4 9.7 
1.94 3 1.68 5 15. 5 
1.64 2 1.28 7 28.1 
32 
TABLE 7 
The Effect of P r i o r  Vibration on Charging Capacity 
Plateau Length (Minutes) 
Without P r io r  With P r i o r  
Vibration Vibration For 1 0  Minutes 
2 .  98 2 . 8 8  
3. 03 
2.  98 
2. 98 
2.97 
average 2.99 
average deviation 
1 %  
2 . 9 0  
3 . 1 1  
2. 6 8  
2 . 1 2  
2 . 9 4  
-
5 %  
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TABLE 8 
Characterist ic Times  as a Function of Reaction Variables 
F o r  Oxidation of Silver Foi l  Electrode with a Square Wave 
Current Imposed on a Direct Current 
Square Wave Square 
Direct Cur rent  Cur rent  Wave 
Frequency Time Time - Run (ma/cm Densit5) (ma/cm ') T empe rature (Hz) 
1A 
1B 
1c 
2A 
I 2B 
2 c  
3A 
3B 
3 c  
1.9 
1.9 
1 .9  
1 . 9  
1 . 9  
1.9 
1 .8  
1.8 
1.8 
1.9 
1 . 9  
1.9 
1 . 9  
1.9 
1 .9  
1.5 
1.5 
1 .5  
R m  Temp* 
R m  Temp* 
R m  Temp9$ 
R m  Temp9; 
R m  Temp* 
R m  Temp* 
R m  Temp* 
R m  Temp* 
R m  Temp* 
6,250 1.6 7.0 
6,250 2.0 9.7 
6,250 2.8 - 
625 1.6 8.0 
3,125 2. 4 9. 5 
1 0 , 0 0 0  2.3 11. 1 
6,250 2.7 7.8 
6,250 1.5 7.5 
1.6 7.8 6,250 
1.0 4.8 . 1 .5  R m  Temp* 6,250 4A 2.0 
4B 2.0 1.5 R m  Temp96 6,250 1.2 5.5 
4 c  2.0 1 .5  ooc 6,250 1.1 3.0 
4D 2.0 1.5 oo c 6,250 1.0 2.8 
4E 2.0 1 .5  R m  Temp* 6,250 1 .3  5.3 
5 2.0 1.5 R m  Temp* 6,250 1.4 4.5 
*Room Temperature  varied from 25O to  28OC. 
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Fig. 7.--Current flow for a constant potential oxidation of a silver foil 
electrode of area 2.36 e m  2 
Curve A Potential = 0.340 v. vs .  H g - H g O  reference electrode 
Curve B Potential = 0. 510 v. vs. H g - H g O  reference electrode 
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Fig. 14.--Differential Capacitance at the surface of a working silver anode at 
O°C. Runs 4C, 4D - solid line. Composite of Fig. 13  - dashed line. 
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